Abstract and Surmmary.-Aberrant meiotic segregations attributable to intragenic events have been analyzed in an unselected sample of 1611 tetrads from three heteroallelic diploids of Saccharomyces cerevisiae. Reciprocal recombination between alleles accounts for only a minor fraction of the total aberrant tetrads, while the majority component is represented by single-and doublesite conversions. The frequency of double-site conversion is inversely related to the physical length of the interallelic interval. Since double-site conversions do not yield prototrophs, their occurrence leads to biased estimates of intragenic distances. Conversion is viewed as a process of informational transfer distinct from conventional crossing-over. The implications of the findings for genetic fine structure mapping and evolutionary theory are discussed briefly.
In diploid organisms that possess a conventional meiotic cycle and are amenable to tetrad analysis, it is expected that each ascus will contain two wild-type (+) and two mutant spores (a) for every heterozygous site. However, aberrant segregations, mainly 3 +: la and 1+ :3a, not ascribable to conventional genetic mechanisms such as polyploidy or suppressors, do occur. These exceptional events have been defined operationally as gene conversions. 1-4 In Saccharomyces cerevisiae, gene conversion occurs in 1-2 per cent of all segregations.5 But the respective meiotic conversion frequencies for various heterozygous sites vary from approximately 0.1 to 10 per cent.5-7 For any given site, 3+: la and 1+: 3a segregations are detected with frequencies that do not differ significantly from each other.
Analysis of the three mutant spores from 1+:3a tetrads reveals that conversion operates with complete fidelity. Using a recombinational test, Roman8 was unable to detect differences among the three mutant spores in such an ascus.
Fogel, M\ortimer, and Hawthorne7 have shown that similarity at the mutant site extends to the single nucleotide level. In addition, nonmutant spores in 3+: la asci are indistinguishable at the gene product level. 9 Gene conversion is also analyzable in diploids carrying in repulsion two independent mutants at a single locus (a1+/+a2). Normal segregation yields two a,+ spores and two +a2 spores in each tetrad. However, prototrophic revertants (+ +) occur among the meiotic products of such heteroallelic diploids.
They result mainly from 3+: la segregations for either allele and to a considerably lesser extent from reciprocal recombination between the input alleles. On the assumption that these prototrophs arise from recombinational events, their meiotic frequency has been widely used as a measure of the distance between the mutated sites. Thus, it is paradoxical that reasonably consistent genetic fine structure maps can be constructed on the basis of a metric that is essentially an index of nonreciprocal recombination or conversion. Moreover, it is clear that selective procedures commonly used in conversion studies do not detect all intragenic events.8 Therefore, to resolve this paradox a comprehensive survey of all intragenic events in unselected tetrads seemed essential.
In this study, gene conversion in unselected tetrads from three heteroallelic diploids was examined. The emphasis was on a determination of the relationship between the frequencies of different types of intragenic events and the physical distance between the mutant sites. The present work leads to the view that gene conversion involves replacement of the genetic information in the relevant DNA segment with information that is identical to that carried in the corresponding segment of the homologous non-sister chromatid. This process is designated as informational transfer. Hybrids BZ34 and BZ140 were constructed for this study, while X841-1 is a tryptophanindependent revertant isolated from the diploid X841 previously described.'0
The marker designations are those adopted at the Carbondale and Osaka Yeast Genetics Conference." The linkage relations do not differ from those previously reported by Hawthorne and Mortimer.'4 Relevant tetrad data, presented as PD:NPD/T ratios for gene-gene intervals and as per cent second division segregations (% SDS) for gene-centromere intervals, are given in Table 1 . Map distances, X, in centimorgans were calculated either from the relation X = ((6 NPD + T) X 100)/(2 (PD + NDP + T)) or from X = % SDS/2." '13 The procedures and media for hybridization, sporulation, tetrad dissection, and scoring genetic markers have been described.'4 Additionally, to score try5 in the presence of try1, the tryptophan-deficient medium was supplemented with indole. Each ascosporal clone was tested for mating type and for the identity of the alleles at the arg4 and leu, loci by methods detailed elsewhere."5 In the allele identification tests, mitotic reversion to prototrophy was enhanced by exposure to a nonlethal dose of ultraviolet light (240 ergs/ mm2). Spore viability for each diploid was greater than 90%.
The mutant sequence within the arg4 cistron was established by two independent methods. Using the protocols described by Manney and Mortimer," we found the sequence and distances between mutants consistent with their fine structure map. The ordering of arg4 alleles relative to the centromere and the outside markers was also determined from asci in which a reciprocal exchange had occurred between the mutant sites.
With the X-ray fine structure mapping approach, the slopes of linear dose-response Results.- Table 2 ship is apparent between the frequency of reciprocal recombination and the length of the intragenic interval as determined by mitotic X-ray mapping. However, no reciprocal recombination events were observed for the allele pair at leua though the interallelic distance is comparable to the separation between arg4-4 and arg4-17.
The major source of aberrant tetrads stems from gene conversion. In the case The single exceptional ascus in BZ34 had the constitution +17, +17, 4,17, 4,17. Conceivably, it arose from a single-site conversional event earlier in the mitotic pedigree or immediately prior to meiotic DNA replication. The second exceptional ascus was derived from BZ140. In this ascus, two spores were disomic for chromosome VIII which carries the arg4 locus. The arg4 alleles were heteroallelic in the disomic spores, and these otherwise haploid strains exhibited mitotic reversion to prototrophy at rates comparable to the parental diploid.
Discussion.-The major finding in the present work concerns the significance of symmetrical double-site conversions. Clearly, the magnitude of this component in an unselected sample of asci is a function of the physical separation between the mutant alleles. If two alleles are widely separated, they behave as essentially independent entities in conversion. But when the alleles are in close proximity, conversion of one allele is characteristically associated with conversion of the second allele on the same parental strand. The increase in double-site conversions occurs at the expense of single-site events. It is unlikely that double-site conversions represent simultaneous though independent events. If this were true, then asci exhibiting six additional genotypic arrays would be encountered. Instead, all double-site conversion asci were included within the two categories described earlier. Thus the present data, for both single-and double-site conversions, are most simply explained in terms of single events that involve replacement of an informational segment in one homologue with information identical to that contained in the corresponding section of a non-sister homologue. The modal length of the segment is in the order of hundreds of nucleotides. Our earlier gene conversion study on ochre and amber nonsense mutants leads to the further conclusion that this informational transfer operates with complete fidelity. 7 The present work also bears on the paradoxical situation inherent in most genetic fine structure mapping studies in which map distances are based on estimates of gross prototroph frequencies. From the data in Table 3 and in an earlier work,20 it is apparent that prototrophic spores, the frequency of which is often utilized as a measure of the distance between mutant sites in a heteroallelic diploid, arise mainly from single site 3+: la conversions and to a lesser extent from reciprocal recombination between the parental alleles. For example, among 1081 asci selected to contain a prototrophic spore only 101 arose as a consequence of reciprocal recombination, while the remainder represented 3+: la conversions.20 Except in the present study, it was not clear why reasonably additive maps should result from a metric that primarily estimates nonreciprocal events. The essential clue is provided by the category of event designated as symmetrical double-site conversion. As the distance between mutant alleles is decreased, this ascal class, which contains only auxotrophic spores, increases linearly at the expense of the anticipated single-site events. Furthermore, the frequency of reciprocal recombination between alleles appears to be proportional to the physical separation of mutants as determined by X-ray mapping. Thus, for three heteroallelic combinations at arg4 representing separations of 1100, 500, and 150 nucleotides, the respective prototrophic spore frequencies are 30/2788. 18/2008, and 4/2176.
An equation expressing these considerations can be formulated as follows:
where f = frequency of prototrophic spores, cl = frequency of conversion at al, C2 = frequency of conversion at a2, c1,2 = frequency of symmetrical double conversion at aja2, and rl,2 = frequency of reciprocal recombination between a, and a2.
In deriving the above, it is assumed that conversion frequencies in either direction are equal. Estimates for each parameter are directly obtainable from the experimental data.
From the viewpoint that gene conversion is a process of informational transfer, it is appropriate to argue that approximately 2 per cent of a haploid genome is replaced in each meiosis by information contained in the homologous non-sister chromatids. The replacement involves randomly located segments of which modal length is of the order of some hundreds of nucleotides. In this way, conversion provides a mechanism for rapid meiotic rearrangement of genetic variability. Unlike crossing-over which typically involves the physical transfer of comparatively long DNA segments by breakage-reunion, conversion is not restricted by positive interference and results in the oscillation of relatively short informational segments. In effect, since conversion acts to rearrange genetic variability, it must be viewed as a significant mechanism in the dynamic aspects of evolution, particularly as it applies to the evolution of coadaptive gene clusters.
What is the molecular mechanism that leads to gene conversion? At present, this cannot be fully specified. However, we are aware that our consideration of gene conversion as a process of informational transfer, distinct from recombination via breakage-reunion of DNA segments, imposes restrictions on a choice of models. Tentatively, we are inclined to the view that gene conversion entails a DNA repair mechanism. [21] [22] [23] We assume that repair is initiated by a cycle that includes single-strand breaks in DNA helices of opposite polarity and different parental origin, annealing of strands by complementary base pairing yielding a heteroduplex with mismatched base pairs at the included heterozygous sites, and excision of some hundreds of nucleotides from either helical member of the hybrid DNA molecule followed by or simultaneous with resynthesis of an equivalent segment along the remaining template. Closure of the single-strand breaks would complete the cycle. While the present study does not provide any direct evidence bearing on the molecular events in gene conversion, the genetical data are consistent with the postulated mechanism.
